Purpose To assess the physicochemical properties, pharmacokinetic profiles, and in vivo positron emission tomography (PET) imaging of natriuretic peptide clearance receptors (NPRC) expressed on atherosclerotic plaque of a series of targeted, polymeric nanoparticles. Methods To control their structure, non-targeted and targeted polymeric (comb) nanoparticles, conjugated with various amounts of c-atrial natriuretic peptide (CANF, 0, 5, 10 and 25%), were synthesized by controlled and modular chemistry. In vivo pharmacokinetic evaluation of these nanoparticles was performed in wildtype (WT) C57BL/6 mice after 64
INTRODUCTION
Over the past two decades, polymeric nanoparticles have been widely used in biomedical research, especially in the areas focusing on oncology, cardiology, pulmonology, inflammatory disease and drug delivery applications (1) (2) (3) (4) (5) (6) . Due to their unique sizerelated physicochemical properties, multivalent polymeric nanostructures are typically more efficient and efficacious than their monovalent counterparts both in vitro and in vivo (7-11). To date, most studies have focused on pre-clinical applications and a very limited number of polymeric nanostructures have ever been used in humans (12) . Many challenges are associated with translational research, including the need for extensive preclinical studies, appropriate selection of clinical indications and proper design and successful completion of clinical trials. With these challenges in mind, it is critical that researchers fully understand the requirements of the translational process at the beginning of a project, especially designing and screening the appropriate agents for pre-clinical evaluation. Successful translational strategies can assist in bringing more nanopharmaceuticals from bench-top to patient bedside for clinical investigations. Polymeric nanoparticles are attractive candidates for preclinical evaluation because their structure, and therefore resultant properties, can be accurately tuned and optimized by modular chemistry. This unique feature provides the flexibility to strategically modify the nanostructure size, morphology, composition, and surface properties in order to determine these features' effects on bioperformance. Rational selection of candidates for specific biomedical applications such as disease imaging or therapy can therefore be achieved (3, (13) (14) (15) (16) . Furthermore, modular, efficient and high yielding chemistry can help facilitate the largescale and stringently-controlled synthesis of nanopharmaceuticals required for translational studies.
Atherosclerosis, the underlying basis of cardiovascular disease, is the leading cause of morbidity and mortality in Westernized societies. Typically characterized by the buildup of arterial plaque, atherosclerosis is associated with several phenotypes, including inflammation and thin fibrous cap formation during the longitudinal progression of the disease (17) (18) (19) . Currently, most clinical diagnostic modalities used for atherosclerosis are anatomic in nature and provide limited information about plaque progression and activity. Some molecular agents, especially those that are radiolabeled, have shown promising ability to image biomarkers up-regulated on plaques by positron emission tomography (PET) or single photon emission computed tomography (SPECT) (11, (20) (21) (22) (23) (24) (25) (26) (27) (28) . Unfortunately, clinical translation has usually been the bottleneck for validating these agents' ability to identify the stage and vulnerability of atherosclerotic plaques in humans. To get past this challenge, we have invested ample work into identifying an appropriate biomarker and imaging system capable of detecting atherosclerotic plaques in pre-clinical models.
Natriuretic peptides are a family of heart-and vesselderived hormones that play an important role in cardiovascular homeostasis by interacting with their corresponding natriuretic peptide receptors (NPRs). These receptors have been largely overlooked as potential targets for atherosclerosis imaging and therapy. Of the three NPRs, the clearance receptor (NPRC) has recently been demonstrated to be a biomarker for atherosclerosis in both animal models and human coronary arteries (29, 30) . Therefore, we conjugated the NPRC binding peptide, C-type atrial natriuretic factor (CANF), to produce well-defined comb nanoparticles (CANF-comb) via controlled chemistry developed in our previous studies (15, 16, 31, 32) . Herein, we demonstrate the effective design and modular construction of NPRC targeted comb nanoparticles for in vitro and in vivo evaluations. We compared the in vivo pharmacokinetics and PET plaque imaging efficiency of 64 Cu-CANF-combs conjugated with various amounts of CANF peptide in a mouse atherosclerosis model and identified the optimal candidate for human translational research.
MATERIALS & METHODS

Chemicals
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification unless stated. CANF peptide (98%, H-Arg-Ser-Ser-Cys-Phe-Gly-Gly-ArgIle-Asp-Arg-Ile-Gly-Ala-Cys-NH 2 ) was obtained from CPC Scientific (Sunnyvale, CA) by custom synthesis. Dioxopyrrolidin-1-yl pent-4-ynoate was purchased from Annova Chemical Inc (San Diego, CA), poly(ethylene glycol)-N 3 (PEG-N 3 ) from Nanocs Inc. (New York, NY), poly(-ethylene glycol) monomethyl ether from Polymer Source (Dorval, QC, CAN) and 1,4,7,10-tetraazacyclododecane-1, 4,7-tris(t-butyl acetate) (DOTA-t-Bu-ester) from Macrocyclics (Dallas, TX). Amicon Centriplus centrifugal filtration tubes (M w cut-off = 30,000; 50,000) were purchased from Millipore (Billerica, MA).
64 Cu (half-life = 12.7 h, β + = 17%, β − = 40%) was prepared on the Washington University Medical School CS-15 Cyclotron by the 64 Ni(p, n) 64 Cu nuclear reaction at a specific activity of 1.85 GBq -7.4 GBq/μg (end of bombardment), as previously described (33) . The buffers used for 64 Cu-labeling were treated with Chelex-100 resin (Bio-Rad Laboratories, Hercules, CA) before use. 2,5-HiTrap Desalting columns (5 mL) were purchased from GE Healthcare Biosciences (Piscataway, NJ).
Instrumentation
Gel permeation chromatography (GPC) was carried out on a Waters (Millford, MA) chromatograph equipped with a Waters Alliance high pressure liquid chromatography (HPLC) system pump (2695 Separation Module) and four Visco Gel I-Series columns from Viscotek (dimensions = 7.8 mm × 30 cm). Detection was provided by a Waters 2414 differential refractometer and dimethyl formamide with 0.1% LiBr was used as the mobile phase. Copolymer chromatograms were run at room temperature and calibrated to poly(methyl methacrylate) (PMMA) standards. Dynamic light scattering (DLS) was performed on a Wyatt Technology (Goleta, CA) DynaPro NanoStar™ at room temperature. Data was collected on 0.1 wt.% aqueous nanoparticle solutions filtered through a 0.2 μm filter. Zeta potential measurements were acquired on a Malvern Zetasizer (Zetasizer Nano ZS ZEN3600). A Bioscan 200 imaging scanner (Bioscan, Washington, DC) was used to read the instant thin layer chromatography (ITLC) plates (Pall ITLC-SG plates, VWR International, Batavia, IL). Fast protein liquid chromatography (FPLC) and radio-FPLC were performed using an ÄKTA FPLC system (GE Healthcare Biosciences) equipped with a Beckman 170 Radioisotope Detector (Beckman Instruments, Fullerton, CA). All other instrumentation can be found in our previous report (31) .
Synthetic Procedures
General Considerations
Experimental procedures for the synthesis of Smethoxycarbonylphenylmethyl dithiobenzoate reversible addition-fragmentation chain-transfer (RAFT) agent (34); macro-and small molecule monomers, polyethylene glycol methacrylate (PEGMA), DOTA methacrylate (DOTA-MA) and CANF-PEG methacrylate (CANF-PEGMA); CANFcomb copolymers; and nanoparticles were adopted from previously published work with a few modifications (31) .
Synthesis of CANF-Acetylene
Synthesis of CANF-acetylene was carried out as previously r e p o r t e d w it h t h e f o l l o w i n g m o d i f i c a t i o n : 2, 5 -Dioxopyrrolidin-1-yl pent-4-ynoate was used in the place of 4-pentynoic anhydride (31) .
Synthesis of CANF Poly(Ethylene Glycol) Methacrylate (CANF-PEGMA)
Preparation of CANF-PEGMA was performed as previously reported with the following modification to the purification: The product was washed with a 0.01 M aqueous ethylenediaminetetraacetic acid (EDTA) solution containing 0.02 M NaOH (×4) and Milli-Q water (×10) (31) .
Synthesis of CANF-Comb Copolymers
Synthesis of the comb copolymers was adopted from our previous work (31) . To determine the influence of CANF incorporation on CANF-comb nanoparticle bioperformance in vivo, we focused on the synthesis of four copolymers. The series contains 0, 5, 10, and 25% CANF peptide conjugated to the PEG chains, where all PEG chains were 5.0 kDa. 0% CANF serves as the non-targeted comb copolymer for control experiments. By using a controlled radical polymerization (RAFT), CANF peptide loading in the copolymer was dictated by the molar ratio of CANF-PEGMA to PEGMA.
Below is a representative example of the CANF-comb copolymer synthesis; in this example 25% of the PEG chains are conjugated with CANF peptides. PEGMA, 5.0 kDa (205 mg, 0.041 mmol), CANF-PEGMA (100 mg, 0.015 mmol), methyl methacrylate (MMA) (51.1 mg, 0.51 mmol), azobisisobutyronitrile (AIBN) (0.069 mg, 0.00042 mmol), DOTA-MA (22.2 mg, 0.032 mmol), and RAFT agent (0.33 mg, 0.0011 mmol) were added to a glass vial and dissolved in DMF (1.99 g). AIBN, DOTA-MA and the RAFT agent were all added to the vial as DMF stock solutions. The solution was transferred to a 5 mL Schlenk flask and degassed by three freeze-pump-thaw cycles followed by heating at 70°C for 120 h. Following polymerization, the solution was diluted with DMF, transferred to four 15 mL Amicon Centriplus centrifugal filtration tubes (M w cut-off = 50,000) and extensively washed with DMF until complete removal of monomers was observed by GPC. The copolymer was then washed with MilliQ water (× 5) and freeze-dried to give the desired graft copolymer as a white powder (Yield 68 mg); M n = 205 kDa, PDI = 1.20 (GPC-DMF, PMMA standards).
For the synthesis of the 10% CANF-comb copolymer, the amounts of PEGMA and CANF-PEGMA added in the reaction were 0.050 and 0.006 mmol respectively; for 5%, the amounts were 0.053 and 0.003 mmol. All other chemical amounts and reaction conditions were kept the same. The non-targeted comb copolymer (0% CANF) was synthesized with 0.056 mmols of PEGMA and no CANF-PEGMA monomer.
Formation of 0, 5, 10 and 25% CANF-Comb Nanoparticles
Deprotection and assembly of the 0, 5, 10 and 25% CANF-combs into nanoparticles were carried out as previously reported (31) . A representative procedure follows: After deprotection of the DOTA groups, the freeze-dried comb copolymer was dissolved in DMSO (1 wt.%) and heated to 50°C until fully dissolved. The solution was cooled to room temperature and an equal volume of Milli-Q water was added all at once while stirring. To remove DMSO, the solution was transferred to 2 Amicon Centriplus (M w cut-off = 30,000) centrifugal filtration tubes and concentrated and re-diluted with Milli-Q water until the DMSO content was less than 0.5 mg/mL by 1 H NMR. The resultant particles were characterized by DLS, re-diluted to 10 mg/mL and stored at −20°C. The data for all particles are summarized in Table I .
Cu Radiolabeling of CANF-Combs and Non-Targeted Comb
The radiolabeling of CANF-comb and non-targeted comb nanoparticles was adopted from our reported procedure (32) . Briefly, the nanoparticles (5 μg, 5 pmol) were incubated with 185 MBq 64 Cu in 100 μL of a 0.1 M pH 5.5 ammonium acetate buffer at 80°C for 1 h. After adding 5 μL EDTA (10 mM in 50 mM pH 7.4 phosphate buffer) to remove any non-specifically bound 64 Cu from the nanoparticles, the 64 Cu radiolabeled nanoparticles were separated from 64 Cu-EDTA with a 2 mL zeba spin desalting column. A 2 μL aliquot of the purified nanoparticles was spot on glass microfiber chromatography paper impregnated with silica gel and developed in a buffer composed of methanol and 10% ammonium acetate (volume ratio = 1:1). After separation, the radiochemical purity (RCP) of the 64 Cu radiolabeled nanoparticles was measured by radioactive thin layer chromatography (Radio-TLC) (Washington DC) to ensure the RCP was 95% or greater prior to in vivo studies.
Mouse Apolipoprotein E-Deficient (ApoE 
Bio-Distribution Studies
64
Cu-CANF-comb and non-targeted control comb nanoparticles were reconstituted in 0.9% sodium chloride (APP pharmaceuticals) for intravenous (i.v.) injection. Wild-type C57BL/6 mice weighing 25-32 g were anesthetized with inhaled isoflurane and injected with approximately 370 kBq of the radiolabeled nanoparticles (~4.0 μg/kg body weight) in 100 μL saline via tail vein. The mice were re-anesthetized before euthanizing by cervical dislocation at each time point (1, 4, and 24 h, n = 4/time point) post injection (p.i.). Organs of interest were collected, weighed and counted in a well gamma counter (Beckman 8000, San Diego, CA). Standards were prepared and measured along with the samples to calculate the percentage of the injected dose per gram of tissue (% ID/g) or per organ of tissue (%ID/organ) (35) . Cu-CANF-combs was performed in ApoE −/− mice and the age-matched WT C57BL/6 analogue at the same time points with Inveon PET/CT (Siemens Healthcare). PET/CT scans were collected at 24 h post injection (p.i, 60 min static scan) and analyzed using the manufacturer's software (ASI Pro or IRW). The tracer uptake in the region of interest (ROI) was calculated as percent injected dose per gram of tissue (%ID/g) from the maximum a posteriori reconstructed images. After the last time point, the animals were euthanized by cervical dislocation and the aortic arches were either perfusion-fixed in situ with freshly prepared 4% paraformaldehyde in 1× PBS for histopathology and immunohistochemistry or fast frozen for RT-PCR analysis. To confirm the targeting specificity, competitive receptor blocking studies were also performed by coinjection of the 64 Cu radiolabeled CANF-comb candidate and corresponding non-radiolabeled CANF-comb in 100-fold excess (n = 6) followed by PET scans at 24 h p.i. 
Blood Metabolism Study
To assess the stability of radiolabeled CANF-comb and chemical components present at region of interest on the related PET image, longitudinal blood metabolism of 25% CANFcomb was performed via 67 Cu radiolabeling, due to its long half-life (t 1/2 = 61.8 h) compared to 64 Cu (t 1/2 = 12.7 h). After intravenous injection in C57BL/6 mice (444 kBq/mouse, n = 60), blood was collected into syringes containing acid citrate dextrose at 1, 2, 5, 7, 9 and 12 days post injection and subjected to centrifugation (200 g for 15 min and then 1000 g for 10 min) to separate whole blood, platelet rich plasma, platelet poor plasma and platelet pellet. The platelet poor plasma fraction was injected into GE AKTA FPLC system equipped with a UV detector, a flow count radioactivity detector (Bioscan) and fraction collector Frac-920. The separation was performed on Superose-12 10/300 size exclusion column and eluted with SEC buffer at a flow rate of 0.8 mL/min. The fractions were collected every minute and counted in a gamma counter (PerkinElmer Wizard 3 gamma counter).
Octanol-Water Partition Coefficient Measurement
Approximately 370 kBq of 64 Cu labeled nanoparticles in 500 μL of saline were added to 500 μL of octanol in an Eppendorf microcentrifuge tube (Brinkman). The 2 layers were mixed for 10 min at room temperature, the tube was centrifuged at 14,000 rpm for 5 min (model 5415C Eppendorf microcentrifuge, Brinkman), and the counts in 100 μL aliquots of both organic and inorganic layers were determined by use of a γ-counter (Packard). The experiment was repeated 3 times (36).
Immunohistochemistry
After radioactivity decay, animal tissue specimens were fixed in 4% paraformaldehyde immediately after collection, stored overnight at 4°C, and embedded in paraffin and sectioned at 5 μm for immunohistochemistry. Following de-waxing and hydration, sections were heated in 10 mM sodium citrate (pH 6.0) with 0.1% Tween for 15 min at boiling temperature for antigen retrieval. Following blocking with non-immune serum, sections were incubated with Genway (San Diego, CA) mouse monoclonal anti-NPRC antibody 4C3 overnight at 1:400 dilution using Vector Laboratories M.O.M. kit (Burlingame, CA). Color development employed Vector Laboratories Vectastain alkaline phosphatase ABC system (Burlingame, CA) and blue substrate, and sections were counterstained using nuclear fast red. Sections incubated with preimmune serum, and sections incubated with secondary antibody only, gave no signal.
Statistical Analysis
Group variation is described as the mean ± standard deviation. Group comparisons were made using the student t-test. The significance level in all tests was p ≤ 0.05. GraphPad Prism v. 6.04 (La Jolla, CA) was used for all statistical analyses.
RESULTS AND DISCUSSION
Synthesis of 0, 5, 10, and 25% CANF-Comb Nanoparticles
To systematically study the influence of CANF peptide incorporation on in vivo pharmacokinetics and PET imaging efficiency, we focused on the synthesis of four comb nanoparticles, each with a different peptide loading. The nanoparticle series was synthesized by adopting the modular strategy previously developed, where precise control over the number and location of CANF in the final assembled structure could be accomplished (15, 16, 32) . First, comb copolymers were prepared by employing three functional methacrylate-based monomers: PEG-methacrylate (PEGMA), CANF-PEG-methacrylate (CANF-PEGMA), and DOTA-methacrylate (DOTA-MA). Each monomer was designed to give the resultant copolymer and final assembled nanostructure specific properties. For example, the hydrophilic PEG groups imparted biocompatibility and when incorporated in the right ratio with the PMMA backbone, drove assembly of the polymers into star-like nanoparticles (16) . In addition, incorporation of CANF peptides and DOTA ligands enabled NPRC targeting and PET imaging, respectively. These functional monomers were randomly copolymerized with methyl methacrylate via RAFT polymerization to achieve the amphiphilic comb copolymer depicted in Fig. 1a . By using a controlled radical polymerization technique, the feed ratio of the functional monomers dictated the ratio incorporated into the final copolymer. Importantly, this allowed us to dial in specific peptide quantities (0 to 25%, referring to the percent CANF peptide conjugated to the PEG chains, Fig. 1b ) in order to optimize the final nanoparticle efficiency for targeting NPRC. In addition to functional group incorporation, control over total molecular weight and dispersity was also achieved. Assembly of the comb copolymers was accomplished as previously reported (16, 31) , resulting in star-like nanoparticles dispersed in water. The diameters of these nanoparticles were comparable (16-22 nm range) within the 0-25% CANF-comb series, which was consistent with our previous results (15) . Finally, 64 Cu radiolabels were introduced into the nanoparticles via DOTA chelation. All comb nanoparticles within the series had comparable specific activities, confirming that we had controlled the number of DOTA groups incorporated into the comb copolymers before assembly (Table I ). Due to the achieved control over nanoparticle functionality and size, a systematic study on the influence of CANF loading on pharmacokinetics and PET imaging efficiency was carried out.
In Vivo Pharmacokinetics of Cu-CANF-comb nanoparticle series in wild type (WT) mice were acquired and evaluated. Initially, we compared the non-targeted 64 Cu-comb (control particle) with the 25% 64 Cu-CANF-comb (particles with the highest peptide incorporation), anticipating that these samples would show the biggest differences. In contrast to our hypothesis, the 25% 64 Cu-CANF-comb and the non-targeted 64 Cu-comb showed comparable blood pool (blood, lung and heart) retention at all three time points (Fig. 2) . Even though there was no CANF conjugated to it, the non-targeted 64 Cucomb's mononuclear phagocyte system (MPS) accumulations, including liver and spleen, were all 4-5 fold (p < 0.0001, n = 4) higher than those acquired with 25%
64 Cu-CANF-combs during the 24 h study. We attribute this phenomenon to the difference in nanoparticle surface charge as we reported previously (31, 32) . The other two 64 Cu-CANF-combs (5 and 10%), which had a difference of approximately 7 CANF peptides conjugated, showed similar biodistribution profiles in all major organs collected during the 24 h study including the blood retention half-lives (t 1/2 = 8.8 and 8.9 h for 5 and 10%, respectively). Specifically, they both showed high initial blood retention (> 45%ID/g at 1 h p.i.), which decreased slightly to > 40%ID/g at 4 h, and 22% at 24 h p.i. These extended blood circulations are consistent with our previous report, which showed increased circulation time with increasing PEG chain length. In this study all nanoparticles contain the largest PEG length from our previous study (5 kDa). Furthermore, the blood retentions of 5 and 10% were both two times that obtained for 25% 64 Cu-CANF-comb (p < 0.0001, n = 4). Since all CANF-comb nanoparticles were neutrally charged, the difference in blood circulation could be related to variation in hydrophobicity. To determine this, we measured the octanol-water partition coefficient (log P) for each nanoparticle, as shown in Table I . It was found that with increased CANF conjugation, log P also increased, with the largest increase observed upon going from 10 to 25% peptide. These results implied an increase in hydrophobicity with CANF conjugation and aligned with our hypothesis about blood circulation. In addition, the three targeted 64 Cu-CANF-combs had comparable retentions in the liver and spleen at each time point during the 24 h study. These values were significantly lower than for the non-targeted 64 Cu-comb, suggesting retention of these nanoparticles in other organs or excretion through feces. Due to the inherent polydispersity of the synthesized nanoparticles or the transchelation of 64 Cu from DOTA by serum protein (37, 38) , renal clearance through the kidneys (< 12%ID/g at all time points) was observed for all four nanoparticles, with the non-targeted 64 Cu-comb having slightly higher retention.
PET Imaging in Mouse ApoE
−/− Atherosclerosis Model
In the apoE −/− mouse atherosclerosis model, PET/CT imaging was performed on early stage plaque (~20 weeks post HCD) for the four nanoparticle series. Consistent with the biodistribution studies, both the 5 and 10% 64 Cu-CANFcombs showed high PET intensity in blood pool organs, including the heart, lungs, and blood vessels, even at 24 h p.i. Quantitative analysis showed that the accumulations of 5 and 10%
64
Cu-CANF-combs at aortic arches of apoE −/− mice were 6.2 ± 1.2%ID/g and 6.0 ± 0.9%ID/g (n = 4/group for both), respectively; however, the long blood circulation of these two nanoparticles resulted in high accumulations in the aortic arches of WT mice (4.8 ± 1.1%ID/g and 4.6 ± 1.0%ID/g for 5 and 10%, respectively, n = 4/group) as well. Since similar accumulations were observed in the apoE
and WT mice, the 5 and 10%
Cu-CANF-combs are less favorable PET agents for imaging plaque by specific biomarkers. As expected, the non-targeted 64 Cu-comb had non-specific retention in the aortic arch of apoE −/− mice (2.6 ± 0.5%ID/g (n = 4/group). In contrast to the 5 and 10%
Cu-CANF-comb, the 25% analogue had lower blood retention, which resulted in lower uptake at the aortic arch in WT mice (2.6 ± 0.6%ID/g (n = 4/ group) at 24 h p.i.). This value was approximately half of that obtained with 5 and 10% 64 Cu-CANF-comb. PET/CT imaging of ApoE −/− mice with early stage plaque showed significant accumulation of radioactivity at the aortic arch (Fig. 3a) . Quantitative uptake analysis showed that the tracer localization of 25% 64
Cu-CANF-comb at the aortic arch was 8.8 ± 0.8%ID/g (n = 6/group), which was 2.3 times (p < 0.0001) higher than that acquired from WT mice (Fig. 3b) . For the non-targeted 64 Cu-comb, the retention in the aortic arch of apoE − / − mice was 2.4 ± 0.4%ID/g (n = 4/group), significantly (p < 0.0001) lower than the targeted counterpart. Given that the non-targeted 64 Cu-comb and 25% 64 Cu-CANF-comb had similar blood retention in the biodistribution studies (Fig. 2) , and if we consider the accumulation of 64 Cucomb at plaque as non-specific background retention (that will be subtracted from the uptake of its targeted counterpart), approximately 73% of the PET signal at the atherosclerotic plaque was due to NPRC receptor mediated uptake.
For late stage plaque, both the uptake of 25% 64
Cu-CANFcomb (7.5 ± 0.7%ID/g, n = 6/group) and the non-targeted 64 Cu-comb (1.8 ± 0.3%ID/g, n = 4/group) decreased slightly compared to values measured for earlier stage plaque (20 weeks post HCD). One possible explanation is the reduction in nonspecific retention of both nanoparticles at the aortic arch due to the narrowed lumen that occurs with disease progression (Fig. 4) . Following the same calculation discussed above, the retention of 25% 64 Cu-CANF-comb at plaque actually increased to 76% positivity for the NPRC receptor. In the agematched WT mice, the accumulation (2.1 ± 0.2%ID/g, n = 4/ group) of 25% 64 Cu-CANF-comb at the aortic arch was comparable to the results obtained for early stage plaque.
During this longitudinal study, the uptake of 18 F-FDG at the aortic arch during early (2.6 ± 0.6%ID/g, n = 4/group) and late stages (2.2 ± 0.8%ID/g, n = 4/group) of plaque progression was also investigated. Uptake at both stages of plaque were significantly (p < 0.0001 for both) lower than those acquired with 25% 64 Cu-CANF-comb. Furthermore, when compared to other reported nanoparticles used for plaque imaging in spontaneous apoE −/− mouse model (22, 39) , the 25%
Cu-CANF-comb showed more accurate and specific detection of biomarkers upregulated on plaque at multiple time points during the progression of disease. This indicates that the NPRC targeted nanoparticle has great potential to track the progression of atherosclerosis via PET imaging.
Competitive receptor blocking studies were also carried out to demonstrate the targeting specificity. As shown in Fig. 3b , when a competitive receptor blocker (non-radiolabeled CANF-comb) was present, tracer uptake at the aortic arch was significantly decreased to a level (2.7 ± 0.8%ID/g, n = 4/group) comparable to that obtained with non-targeted 64 Cu-comb, confirming the NPRC receptor mediated uptake at atherosclerotic plaque.
Histology and Immunohistochemistry
In contrast to the results obtained from WT mice, the representative hematoxyline and eosin (H&E) staining of aortic arches harvested from apoE −/− mice at 24 and 36 weeks post HCD demonstrated significant progression of plaque with atherosclerosis characteristics, including neointima thickening and foam cell infiltration (Fig. 4) . Compared to 24 weeks, the plaque at 36 weeks was more amorphous, less cellular and filled with lipid crystals throughout the neointima. The image J analysis of plaques showed that the nuclei count per pixel of plaque at 36 weeks was 3.5 times less than that at 24 weeks, which was consistent with our previous report in a rabbit atherosclerosis model (30) . Immunohistochemistry of the apoE −/− mouse aortic arch depicted the up-regulation of NPRC receptors throughout the plaque during late stage atherosclerosis, including dense expression in media, intima, and the surface of plaque (Fig. 5) . Apart from smooth muscle cells and endothelial cells as we previously reported (30, 32) , most of the inflammatory cells on the plaque surface were positive for NPRC, indicating the great potential of this receptor as a biomarker for atherosclerosis. More importantly, the overexpression of NPRC on plaque was consistent with the high uptake of 25%
64
Cu-CANF-comb through PET imaging. If we take into account the decreased cellularity with the progression of plaque, the 25% Cu-CANF-comb has great potential as a PET tracer for sensitive and specific detection of atherosclerotic plaque and tracking the progression of disease.
Blood Metabolism Study
To assess the in vivo stability and metabolism in blood, the 25% CANF-comb was radiolabeled with 67 Cu for a longitudinal study in WT mice. Blood samples were collected from mice and centrifuged to separate cells and plasma. Gamma counting analysis showed that 97.3 ± 1.0% of radioactivity was in plasma with only 2.7 ± 0.9% associated with red blood cells. Further analysis of platelet rich and poor plasma showed no significant difference, indicating that 67 Cu-CANF-comb had no preferential binding for platelets. As shown in Fig. 6 , the FPLC profiles indicated that the radiolabeled 25% 67 Cu-CANF-comb was stable in blood for up to 9 days. At day 12, a notable peak was observed next to the 25% 67 Cu-CANFcomb peak, which we believe was either due to degradation of the CANF-comb nanoparticle or transchelation of 67 Cu from DOTA by serum proteins such as ceruloplasmin. In contrast to the nanostructure with DOTA conjugated on the surface (38) , the CANF-comb design with DOTA collapsed in the hydrophobic core demonstrated its advantage in improving radiolabel stability for accurate detection of biomarkers to track progression or status of disease. It should be noted that the FPLC profiles were based on gamma counting of 67 Cu, not UV absorption of nanoparticles, due to interference from serum proteins. The degradation of small amounts of CANFcomb may not be detectable by UV.
CONCLUSIONS
The modular design and construction of a series of NPRC targeted comb nanoparticles was exploited to evaluate their ability to image atherosclerosis via PET/CT imaging in a mouse apoE −/− model. Pharmacokinetic assessment of the series showed that the 25%
64
Cu-CANF-comb had the lowest blood retention, which resulted in a higher net PET signal at atherosclerotic plaques. In addition, the impressive sensitivity and targeting specificity of 25% 64 Cu-CANF-comb can be attributed to efficient binding to up-regulated NPRC located on atherosclerotic plaques, determined by immunohistochemistry. The biological confirmation of previous PET imaging results demonstrates that this nanoparticle has significant potential to be a successful, noninvasive approach to further assess the pathological function of NPRC during the progression of atherosclerotic plaque development and provides useful information about its vulnerability.
